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Abstract
Viscoelastic contacts are present in countless industrial components including
tires, dampers and rubber seals. The effective design of such components re-
quires a full knowledge of viscoelastic contact mechanics in terms of stresses,
strains and hysteric dissipation. To assess some of these issues, this paper de-
scribes a series of experiments on the contact area and penetration in a rolling
contact between a nitrile rubber ball and a glass disk. The experimental results
are compared with the theory proposed by Carbone and Putignano in [1] show-
ing close agreement at low speeds. However, discrepancies arise at speeds above
100 mm/s because of the frictional heating. In order to evaluate this effect,
the temperature of the sliding interface is measured for different rolling speeds
using infrared microscopy. Thermal results showed that interfacial temperature
remained constant at low rolling speeds before rising significantly when speeds
above 100 mm/s were reached. These temperature effects are incorporated
into the numerical simulations by means of an approximated approach, which
corrects the viscoelastic modulus based on the mean measured temperature in
the contact. The result of this approach is to extend the region of agreement
between experimental and numerical agreement to higher speeds.
Keywords: viscoelastic contact mechanics, contact heating, contact mechanics
measures.
1. Introduction
Because of their increasingly widespread use in many industries, polymers
have considerable prominence in modern engineering research. Currenly, much
attention is paid to soft matter mechanics and, in particular, to improve our un-
derstanding of problems involving surface interactions. Soft material mechanics
is, in fact, crucial for a number of engineering applications including tyres and
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seals ([2] [3]) , bioengineering [4], nanotechnology [5] and ”green” technology
[6]. The behaviour of these components is complicated by viscoelastic contact
mechanics. This point is especially important in applications involving rolling
and sliding contacts. In such cases, because of the hysteretic deformation of
soft components, there is a viscoelastic dissipation (defined here as viscoelastic
friction) in addition to interfacial friction. This increases the mechanical energy
loss ([7], [8], [9], [10], [13], [14], [15]), which has to be correctly accounted for so
that the energy savings required by modern design can be achieved. Further-
more, viscoelasticity entails a strong dependence of contact area, penetration
and, therefore, contact stiffness on the speed of motion. This, for example, may
have a paramount importance in seals where fluid percolation is closely related
to the real contact area([2] [3]). Finally, due to the marked dependence of the
viscoelastic properties on the material temperature, the thermal heating caused
by sliding or rolling motion should be quantified in order to to optimize the
components design [12].
Because of the relevance of these themes, many scientific investigations have
been carried out from analytical, numerical and experimental points of view
([7], [8], [9],[10],[13],[14], [15]). Pioneering analytical approaches to the prob-
lem were proposed by Hunter [7] and, independently, by Goriacheva [16] for
the case of two-dimensional (2D) contacts, i.e. for a rigid cylinder in contact
with a viscoelastic half-space. An alternative analytical methodology was de-
veloped by Lee and Radok [17], who extended the viscoelastic correspondence
principle to solve the Hertzian viscoelastic contact problem. One of the main
limitations, affecting these analytical theories and the following developments,
is related to the particular shape of the contact punch for which the problem is
solved. Furthermore, these models are constrained to the simplest form of vis-
coelasticity, i.e. to materials with only a single relaxation time. Unfortunately,
as shown in ([1],[18]), real viscoelastic materials exhibit complex mechanical be-
havior, marked by a large spectrum of relaxations times. Consequently, these
techniques are not able to produce quantitative results for real cases. In the last
decade, Persson ([10], [11]) proposed new approaches capable of being applied
- at least in approximate forms - to a general viscoelastic material. Further-
more, he has also investigated the role of thermal heating in the sliding motion
between rough surfaces [12]. However, to the authors’ knowledge, no definitive
study specifically related to thermal effects in rolling viscoelastic contact has
been produced.
Owing to these limitations, a variety of numerical approaches has been de-
veloped. Boundary Element Methods (BEM), as in [15], can provide accurate
results, but on the other hand, these methodologies are usually only able to
manage ideal viscoelastic materials with a single relaxation time. On the other
hand, Finite Element Methods (FEM) ([14],[19] ,[20], [21], [22]) can handle real
viscoelastic materials, but, since they have been conceived mainly for structural
modeling, accuracy in the contact solution is insufficient. This problem assumes
heavy proportions in the case of sliding or rolling contact between rough sur-
faces. Furthermore, the very large number of length and time scales involved
in the problem makes FE models unsuitable due to the current computational
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resources [1].
A number of experimental methodologies have been developed to measure
the main parameters marking soft contact mechanics. After the pioneering
attempt proposed by Grosch [9], numerous techniques have been proposed to
measure the viscoelastic friction([1], [8], [26], [32], [33],[30]). Several attempts
have also been developed to catch the contact area ([8], [24], [25] , [26], [30]).
However, these are typically focused on elucidating other phenomena and have
usually been developed under low speeds and loads conditions. Specifically,
these contributions analyze the role of the adhesion force ([25] ,[27]) aiming to
take into account the surface roughness; however, viscoelastic effects, such large
changes in the shape and size of the contacting area, have not been quantita-
tively investigated. Furthermore, apart from the pioneering attempt by Wannop
and Archard who tried to measure the sub-surface temperature by means of
thermocouples [28], to the best of the authors’ knowledge, no modern thermal
analysis of the contact area has been presented so far. Consequently, there is
little understanding of the importance of the frictional heating in viscoelastic
rolling contact.
In this paper, we present some techniques that may address these unsolved
issues. In particular, in the case of a rolling contact between a rubber ball and
a glass disk, we measure the contact area and penetration dependence on the
speed of motion. This enables us to compare experimental data with numeri-
cal predictions of the theory presented in [1]. Furthermore, a thermal analysis
allows us to obtain the temperature distribution in the contact area and let us
understand at which speeds thermal heating can be neglected without signifi-
cant errors. The paper is set out as follows. Section 2 outlines the proposed
viscoelastic model and the mathematical formulation developed to carry out
the numerical predictions. Section 3 then contains the experimental procedures
employed to measure penetration, contact area and temperature. Finally, in
Section 4, the experimental outcomes are shown, discussed and compared with
numerical simulations. The last Section includes conclusions and closing re-
marks.
2. Numerical Formulation
The viscoelastic response of linear rubber-like materials can be described by
the following integral equation ([18] [29]):
ε (t) =
∫ t
−∞
dτJ (t− τ) σ˙ (τ) , (1)
where ε (t) is the time-dependent strain, σ (t) is the stress (the symbol ‘·’ stands
for the time derivative), and the function J (t) is the creep function that must
satisfy causality, i.e. J (t < 0) = 0. The most general form of J (t) is given by
[18]:
J (t) = H (t)
[
1
E0
−
∫ +∞
0
dτC (τ) exp (−t/τ)
]
, (2)
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where H (t) is the Heaviside step function, the real quantity E0 is the rubber
elastic modulus of the material at zero-frequency, C (τ) is a strictly positive
function usually defined as the creep (or retardation) spectrum( [18] [29]), and
τ is the relaxation time, continuously distributed on the real axis.
In the numerical procedure we are developing, Eq. (2) has to be discretized
by assuming C (τ) =
∑
k Ckδ (τ − τk) and, therefore, rewritten as:
J (t) = H (t)
[
1
E0
−
n∑
k=1
Ck exp (−t/τk)
]
. (3)
As commonly suggested in the literature [18] [29], we take the Fourier trans-
form of the equations presented above. In particular, since Eq. (2) can be
Fourier transformed as ε (ω) = σ (ω) /E (ω) with E (ω) = [iωJ (ω)]−1 , we can
easily write the following equation for the viscoelastic transformed complex
modulus E (ω):
1
E(ω)
=
1
E0
−
∫
∞
0
dτ
iωτC (τ)
1 + iωτ
=
1
E∞
+
∫
∞
0
dτ
C (τ)
1 + iωτ
(4)
Such an expression for E (ω) has a prominent physical meaning. As shown
in Fig. 1, at ‘low’ frequencies the material is in the ‘rubbery’ region. Here,
E1 = ReE (ω) is relatively small and approximately constant, while the imagi-
nary part E2 = ImE (ω) is also small, although it increases very rapidly: conse-
quently, the viscoelastic dissipation becomes negligible. On the other hand, at
very high frequencies the material is elastically very stiff (brittle-like). In this
‘glassy’ region E1 (ω) is again nearly constant but clearly much larger than in
the rubbery region. Finally, in the intermediate frequency range (the so called
‘transition’ region), the loss tangent ImE (ω) /ReE (ω) is very large [see Fig.
1(b)] and consequently we find the energy dissipation during sliding and/or
rolling motion.
Finally, it should be noted that temperature has a dramatic effect on the
viscoelastic properties. For the majority of linear viscoelastic materials, includ-
ing many rubbers and many rubber-based composites, it is possible to assume
a very simple logarithmic relation between temperature and time. Indeed, the
effect of changing the temperature is simply to shift the viscoelastic frequency
response (plotted against log frequency) along to the frequency axis. This then
entails shifting to the right the viscoelastic modulus since, due to the thermal
energy, the material tends to relax. Therefore, a time-temperature shift factor
aT (T ) can be defined to calculate, given the n relaxation times τk at a reference
temperature Tref , the new values for these parameters at a given temperature
T :
log(aT ) = log τk(T )− log τk(Tref ) k = 1, ....., n (5)
A empirical expression for aT is suggested by Williams, R.F. Landel, and
J.D. Ferry in [41] and is valid for many real viscoelastic materials.
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Figure 1: The real E1 = Re [E (ω)] and the imaginary E2 = Im [E (ω)] parts of the viscoelastic
modulus E (ω) of a typical rubber-like material, (a); The loss tangent E2 (ω) /E1 (ω), (b).
Now, by moving from the Green function approach already developed in ([46]
[35] [36] [37]) and relying on the previous model for the viscoelastic materials,
a new boundary element approach has been proposed to assess the mechanics
of sliding and rolling viscoelastic contacts [1] . Basically, by recalling the trans-
lational invariance and the elastic-viscoelastic correspondence principle [18], we
may formulate the general linear-viscoelastic contact problem between a rigid
indenter and a viscoelastic slab as:.
u (x, t) =
∫ t
−∞
dτ
∫
d2xJ (t− τ)G (x− x′) σ˙ (x′, τ) , (6)
where x is the in-plane position vector, t is the time, u (x, t) is the normal
surface displacement of the viscoelastic solid, σ (x, t) is the normal interfacial
stress, J (t) is given in Eq. (2) and the quantity G (x) is the Green’s function.
Now, assuming steady state conditions, i.e. sliding/rolling motion at constant
velocity v, it is possible to considerably simplify the problem. Indeed Eq. 6 can
be re-written in the form:
u (x,v) =
∫
d2X ′G (x− x′,v) σ (x′) (7)
where the kernel G(x,v) depends parametrically on the motion speed v.
For further details regarding the mathematical formulation, we refer the
reader to [1], where the kernel G(x,v) is explicitly given. Here, we underline
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that, once a time-independent formulation is introduced, the problem can be
solved by employing the same approach already developed for the linear elastic
rough contact problem studied in ([35], [36], [37]).
3. Experimental methodologies
3.1. Penetration and contact area
To measure the penetration and the contact area, we develop the following
experimental procedure. We employ a conventional EHD ball and disc rig (PCS
Instruments Ltd, Acton, UK), in which a 19.05 mm diameter nitrile rubber
ball (provided by The Precision Plastic Ball Co Ltd), is loaded against a glass
disc, as shown in Fig. 2. Since the ball specimen has no shaft and is located
on a roller carriage, when applying the load, the disc rotation drives under
pure rolling contact conditions. Furthermore, in order to enable the accurate
measurement of the displacements, we have incorporated additional components
to the conventional EHL rig setup. In particular, a T shaped stem is attached to
the ball loading system supporting the ball roller carriage. In such a way, a laser
displacement sensor (LK-G32 produced by Keyence Ltd) is enabled to measure
the vertical displacement corresponding to the penetration of the ball specimen.
Clearly, the loading system is assumed to be considerably stiffer than the rubber
ball specimen. Thanks to the high resolution of the displacement sensor (0.05
µm), it is possible to get the small variations in penetration occurring when
changing the rolling speed.
[a] [b]
Figure 2: EHL test rig: (a) photograph of the experimental configuration; (b) schematic of
the original setup and additional features used to accurately measure surface displacements.
Contact area measurements are obtained from images taken with a camera
located above the glass disc (see Fig. 2). Due to the very low modulus of
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the rubber ball, contact area diameters are likely to be sizeable - i.e. several
millimeters large - even under low loads. To capture such areas, an SLR camera
(a Canon EOS 500D) and lens (a 7 Tamron AF 28-75mm f/2.8 XR Di LD) are
employed.
Once the images are collected, an ad hoc MATLAB algorithm digitizes the
contact area and extract its dimensions as they evolved owing to viscoelastic
effects. After importing the black and white snapshots, each picture, managed
as a matrix in the MATLAB environment, is Fourier-transformed and undergoes
a filtering process, aimed at detecting the contact borders. The transition zone
(i.e. the border between contacting and non-contacting regions) could then be
found. Finally, the contact area was calculated knowing pixel size of the images
(the latter being obtained from an image of a specimen of known dimensions,
positioned at the contact interface).
3.2. Thermal measurements
The temperature distribution in the contact was measured using an infrared
microscopy technique, developed in previous research [38],[39],[40]. This method
uses the same apparatus described above to produce the contact (i.e. a nitrile
ball, loaded against a transparent disc using a PCS interferometry rig); the only
difference is that the glass disc had been replaced with a sapphire one. Since
sapphire is transparent to infrared, this setup allowes the contact to be viewed
from above using an infrared camera and microscope lens. The camera (a FLIR
X6540SC) has a 640× 480 focal plane array, which, in combination with the 3×
infrared microscope lens, gives a resolution of ≈ 5µm /pixel. Calibration of the
equipment involved correlating the counts detected by the camera to the tem-
perature in the contact. This is achieved by gradually heating the ball, using
cartridge heaters, and measuring the temperature using RTD probes (both lo-
cated with the PCS EHL rig). Unlike previous research ([39],[40]), this approach
, does not account for the background radiation from the bulk of the sapphire
disc. However, it was assumed to be negligible, since the emissivity of sapphire
is very low, especially when compared to the high emissivity of the nitrile ball
specimen. Furthermore, these experiments are carried out unlubricated, so that
heating of the sapphire disc is minimized due to there being no oil present to
aid conduction.
4. Results and discussion
4.1. Dynamic Mechanical Analysis
The viscoelastic frequency response of the nitrile ball specimens is character-
ized by means of a Q800 Dynamic Mechanical Analyzer (DMA) manufactured
by TA instruments. This equipment provides data over a set range of frequencies
and temperatures. In details, fixed a pre-load equal to 7.5 N , the test is carried
out on rubber strips with cross section 2× 5.5 mm and lengh 30 mm. The range
of frequency is from 0.01 to 25 Hz and temperature varies from 0 to 100 degrees
Celsius with 10 ◦C step. In order to extend the data to the very low frequencies
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of the complex modulus E (ω) at 30 degrees Celsius . Points represent the measured values,
the solid lines represent the fit obtained by using Eq. (3) .
needed to describe the test conditions, we exploit the Williams-Landel-Ferry re-
lations [41] that, as described in Section 1, enable us to shift the data measured
at different temperatures, thus obtaining the viscoelastic spectrum of the rub-
ber, as shown in Figure 3 . Here, the experimental data, obtained in such a way,
are fitted by means of the Eq. (3). The relaxation times are assumed to be in
geometric progression with Euler’s number as common ratio, i.e. τk+1/τk = e.
It is noteworthy that, as discussed in following paragraphs, the fit seems
to effectively represent the measured data over the range of frequencies corre-
sponding to the set of rolling speeds tested. As suggested in literature [48],
measured and fitted data could show a certain discrepancy at high frequency
because of slippage occurring in the sample grip of the DMA equipment. How-
ever, as shown below, this does not seem to be relevant for the rolling speed
range under analysis.
4.2. Temperature distribution
By means of the experimental procedure described above, it is possible to
obtain a detailed thermal map of the contact region. As shown in Figure 4,
obtained for a normal load P = 2 N and a constant rolling speed v = 54
mm/s, the temperature in the contact is higher than the room temperature
(Troom = 30 C ). Furthermore, we can notice in the contact region the presence
of hot spots, which are due to the surface roughness and correspond to asperities
in the contact. This phenomenon of frictional heating is well known in sliding
contacts (see [12] ) but is also present in rolling contacts.
It is interesting to consider how the temperature influences the contact so-
lution and, specifically, when temperature heating can be neglected or, on the
contrary, must be accounted for. The simplest way to approach this problem
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Figure 4: Temperature map for a constant normal load of FN = 2 N , a speed v = 54 mm/s
and a room temperature T = 30 ◦C.
is to focus on the mean temperature in the contact area since this may enable
us to understand when thermal effects become prominent. For instance, Fig-
ure 5 , shows the mean temperature in the contact area as a function of the
rolling speed for fixed a normal load P = 20 N . Here, two regimes are clearly
distinguished: for low speed values (v < 100 mm/s ), temperature increase is
negligible, but for higher speeds, there is a rapid growth in the temperature
curve.
4.3. Penetration
Our experimental investigation also involves measuring the variation in pen-
etration as a function of the rolling speed. This parameter has a strong impor-
tance in many applications since it is strictly related to the contact stiffness.
Now, it is known that an increase in rolling speed causes a stiffening of the
viscoelastic specimen [1]. Therefore, if the applied normal load is kept constant
(e.g. equal to FN = 20 N), the penetration should show a decreasing trend with
the speed. Indeed, this is what is reported in Figure 6, where the measured pen-
etrations with varying speed is shown. Here, each experimental data point (red
square in Figure 6) represents an average of 15 measurements, with a scatter of
less than 5% 1.
1Here, scatter is defined as σ/µ, i.e. the ratio between the standard deviation σ and the
mean measured value µ.
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If we compare the experimental results with the numerical predictions ob-
tained using the viscoelastic response at the room temperature Troom = 30 C
(see blue circle in Figure 6), we find a good agreement over a very large speed
range and, specifically, such a strong correlation is observed up to 100 mm/s.
Actually, for very low speeds (v << 1 mm/s), a certain discrepancy is found
but, in our opinion, this could be due to the rig incapability of keeping constant
so small speeds.
On the other side, for very high speeds (v << 100 mm/s), experimental
values tend to diverge from the numerical predictions. Indeed, we observe that,
recalling thermal results shown in Figure 5, this divergence may be assumed
to be caused by thermal heating effects occurring at high speed, which make
the polymer softer and, hence, lead to higher than predicted penetration values.
Consequently, a more accurate numerical approach should account for these
temperature effects by considering thermal heating due to the material internal
dissipation. The internal dissipation is related to the square of the strain rate in
the material, thus leading to non-linear effect, which would strongly complicate
the numerical approach. However, a rough procedure to take into account the
thermal heating without fundamental changes to the numerical methodology
proposed in [1] is to correct the viscoelastic modulus used in the numerical
simulation, by inputting the value corresponding not to the room temperature,
but to the mean contact temperature obtained experimentally. This approach
can be applied to existing numerical results as shown as green diamonds in
Figure 6. Here, it can be seen that, at least in the speed range considered, the
correction has the effect of extending the region of agreement between model and
experiment to higher speeds. This somewhat validates the mean temperature
approximation approach.
4.4. Contact area
The last part of our investigation deals with the study of the contact area.
In Figure 7, we carry out a topographical analysis of this parameter: our aim is
to evaluate the agreement between the borders extracted from the experimental
snapshots, and the numerically evaluated shapes. Indeed, the two shapes match
quite well, confirming the utility of the proposed BE method for a variety of
problems, e.g. from seals to tyres technology [2] [3] . In all these cases, changes
in the contact area obtained by varying the relative speed are of particular
importance.
Even more important than the topographical results is the dimensional anal-
ysis of the contact area. In Figure 8, the contact area is shown as a function of
the rolling speed. Here, we notice a clear decreasing trend, which is due to the
material stiffening. In spite of the simplicity of the proposed setup, it is possible
to study a large speed range covering more than four orders of magnitude. In
the case of this set of measurements, the scatter is less than 8%, which can be
considered relatively low considering the convoluted nature of the acquisition
and images processing procedures. Now, when focusing on the comparison with
the numerical simulations, for rolling speeds up to 100 mm/s, there is a good
agreement between experiments (blue squares) and numerical predictions (red
11
Figure 7: Contact area for speeds 0 mm/s (first row) and 2 mm/s (second row). Snapshots
of the contact area are shown on the left while comparison between experimental (red line)
and numerical (blue line) borders are shown on the right.
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circles), whereas, at higher speeds, numerical outputs are lower than experi-
mental values . By employing the same approach described above to account
for thermal effects, we obtain the corrected values shown as green rhomboids in
Figure 8. This method allow us to correctly predict the almost constant trend
of the area with changing speed. However, values are still quantitatively lower
than those experimentally measured. This may be due to the presence of hot
spots contributions, which are neglected in the mean contact temperature ap-
proach. Furthermore, at these speeds, wear may have a certain importance also
in rolling contacts and and may explain the larger values of contact areas than
those predicted numerically.
5. Conclusion
In this paper, the main peculiarities marking viscoelastic rolling contact in
terms of temperature, contact area and penetration have been experimentally
evaluated. All these quantities have been compared with the numerical results
obtained using the methodology presented by the authors in [1].
The temperature analysis has shown the presence of hot spots in the contact
due to the presence of the surface roughness. Furthermore, when focusing on
the mean temperature in the contact region, two different regimes have been
found: given the test conditions ( room temperature Troom = 30 C and normal
load P = 20 N ), for rolling speeds up to 100 mm/s, the mean temperature is
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constant, whereas for higher speeds, a steep temperature increase is observed.
Temperature effects, therefore, should be accounted for in this second region by
carrying out a correlation between the contact solution and the material temper-
ature. In this paper, we follow a straightforward, but approximate methodology
that employs the mean temperature in the contact to correct the viscoelastic
modulus used in the numerical simulations. Obviously, this approach neglects
any thermal gradient and, therefore, any flash temperature effect, but noticeably
it does not require significant modifications of the BE methodology.
Regarding the penetration and the contact area, in both cases, a descending
trend due to the material stiffening is found. Furthermore, the direct comparison
with numerical predictions is good up to 100 mm/s. Above this speed, both
experimental penetration and contact areas are larger than the numerically
predicted ones; such discrepancy can be attributed to the material heating and,
to some extent, to wear phenomena. The mean temperature correction approach
previously described to account for the heating has been useful to overcome, at
least qualitatively, these problems. Indeed, the agreement between experiments
and corrected numerical outcomes is very good for the penetration, while for
contact area the approximate approach shows a qualitative improvement.
In conclusion, the validity of the BE method developed in[1] is confirmed
for low speeds regime, where it provides reliable results . For higher speeds,
temperature effects should be considered with a suitable thermo-mechanical
analysis; however, the approximated approach that corrects the viscoelastic
response according to the mean temperature may provide - at least qualitatevely
- good results .
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